Abstract. The role and properties of the Fe-S clusters in spinach ferredoxinthioredoxin reductase (FTR), E. coli biotin synthase and E. coli pyruvate formatelyase activating enzyme (PFL-AE) have been investigated by the combination of EPR, resonance Raman, and UV-visible absorption and variable temperature magnetic circular dichroism spectroscopies. FTR is shown to be a novel class of disulfide reductase with an active site involving a [4Fe-4S] cluster and an adjacent cysteine disulfide. The results suggest that the cluster stabilizes the one-electron reduced intermediate of the enzymatic reaction by forming a covalent adduct with one of the cysteines of the active site disulfide, leaving the other cysteine available to form the heterodisulfide adduct with the substrate disulfide. Biotin synthase and PFL-AE are both shown to be homodimeric enzymes with subunit-bridging [4Fe-4S] clusters that undergo novel [4Fe-4SI2' -2[2Fe-2SI2+ + 2e-cluster conversions. It is proposed that the [4Fe-4S] clusters in both enzymes are directly involved with generating a 5'-deoxyadenosyl radical from S-adenosyl-L-methionine and that the oxidative cluster conversion provides a means of regulating enzyme activity on exposure to 0, without irreversible cluster degradation. The possibility that the catalytic roles for the [4Fe-4S] clusters in both classes of enzyme investigated in this work involve novel p,-S2--based cluster chemistry is discussed.
INTRODUCTION
In addition to the well-established role in mediating electron transfer, there is increasing evidence that Fe-S clusters serve a wide variety of functions in biology (for recent reviews and speoific references, see refs. 1 and 2). They constitute, in whole or in part, the substrate-binding sites of a variety of redox enzymes such as nitrogenase, sulfite reductase, carbon monoxide dehydrogenase, and hydrogenase, and non-redox (de)-hydratase enzymes such as aconitase. In order to regulate gene expression or enzyme activity, they appear to act as sensors of iron in the iron responsive protein, oxygen in the fkmarate nitrate reduction protein and in glutamine phosphoribosylpy-rophosphate amidotransferase, superoxide in the SoxR protein, and nitric oxide in mammalian ferrochelatase. The double-cubane P-clusters and the Rieske-type [2Fe-2S] clusters have also been implicated in coupling proton and electron transfer in nitrogenase and the respiratory/photosynthetic electron transport chains, respectively. In this article, we report on recent spectroscopic studies of representative examples of two new classes of Fe-S-cluster-containing enzymes: a new type of disulfide reductase typified by spinach ferredoxin thioredoxin reductases (FTR) and two new members of the Sadenosyl-L-methionine ( S A M ) dependent class of Fe-S enzymes that function via radical mechanisms, i.e.
Escherichia coli biotin synthase and pyruvate formate-lyase activating enzyme. The results suggest new roles for [4Fe-4S] clusters in stabilizing or generating radical intermediates and raise the possibility of novel S-based cluster chemistry.
FERREDOXIN THIOREDOXIN REDUCTASE
FTR is a chloroplast enzyme that plays a key role in the mechanism whereby light regulates the activity of several carbon assimilation enzymes in oxygenic photosynthesis via the cleavage of regulatory disulfides, see Fig. 1 (3) . In contrast to the structurally well-characterized flavoprotein disulfide oxidoreductases (4), which use NAD(P)H as the electron donor and flavin as the electron carrier, the active site disulfide in FTR is cleaved in sequential one-electron steps with chloroplast 2Fe ferredoxin as the electron donor. The enzyme is a aP heterodimer with the a (or variable) subunit having variable size (7-13 kDa) and having little or no immunological cross reactivity among different species (5,6). In contrast, the p (or catalytic) subunit is highly conserved (13 kDa) (6,7) and contains the active site disulfide and a [4Fe-4S] cluster (7,8). The role and accessibility of the conserved cysteine residues in the catalytic subunit has been addressed by extensive studies with radiolabeled cysteine alkylating agents and the picture of the active site that emerges from these studies is depicted in Fig. 2 (7) . The active-site disulfide is clearly in close proximity to the [4Fe-4S] cluster and, in common with the majority of flavoprotein disulfide reductases (4), only one of the cysteines of the active site disulfide (cys54) is readily accessible to alkylating reagents such as a Nethylmaleimide (NEM). In the case of flavoprotein disulfide reductases, the other active site cysteine is protected fiom alkylation by covalent attachment to the flavin isoalloxazine ring (4). As discussed below, the form of the enzyme in which Cys54 is alkylated (termed NEM-FTR) has provided important insights into the mechanism, since it provides a stable analog of the one-electron reduced intermediate in the enzymatic ' T' " The nature and properties of the Fe-S cluster in spinach FTR and NEiM-FTR have been investigated by the combination of EPR, UV-visible absorption and variable temperature magnetic circular dichroism (VTMCD), and resonance Raman (RR) spectroscopies (8). Figure 3 illustrates the dramatic differences in the EPR properties. As prepared, FTR does not exhibit an EPR signal and (RR) studies clearly demonstrate that the cluster is present as a S = 0 [4Fe-4SI2' center (8). The cluster is not reducible to a paramagnetic [4Fe-4S]' form using dithionite, reduced benzyl viologen or deazaflavin-mediated photoreduction, indicating a midpoint potential < -600 mV vs NHE. Since reduced benzyl viologen, but not dithionite alone, is able to reduce the active site disulfide (lo), we conclude that the reducibility of the cluster is not dependent on redox state of the active site disulfide. However, the cluster can be oxidized with ferricyanide to the [4Fe-4SI3' state, which exhibits a fast relaxing S = 1/2 EPR signal (g = 2.09, 2.04, 2.01 observable at temperatures < 30 K), and the midpoint potential for this couple is estimated at +420 mV vs NHE. This redox process is unlikely to be physiologically relevant, since the midpoint potential is > 600 mV higher than that of the electron donor, spinach ferredoxin (Em,, =1) = -420 mV) or the active site disulfide (Em("= 2) = -230 mV) (1 1). In contrast, NEM-FTR as prepared exhibits a slow relaxing S = 1/2 EPR signal (g = 2.11, 2.00, 1.98 and observable without broadening up to at least 150 K) that accounts for 1 .O spins/molecule. This resonance is lost on addition of dithionite and EPRmonitored dye-mediated redox titrations indicate one-electron reduction with a midpoint potential of -210 mV vs NHE.
The significance of the EPR signal associated with NEM-FTR only became apparent as a result of freezequench EPR studies of FTR under turnover conditions (9) . Samples of native FTR, containing benzyl viologen and excess thioredoxinf, frozen within 5 seconds of initiating the reaction with excess dithionite, exhibit an EPR signal identical to that of NEM-FTR. The EPR signal accounts for < 0.1 spins/molecule and is lost once all the substrate has been reduced. Subsequent experiments showed that the same EPR signal with a similar spin quantitation is also observed in samples reduced with stoichiometric amounts of reduced benzyl viologen, but disappears on addition of > 2 equivalents (9). These results indicate that NEM-FTR is a stable analog of the one-electron reduced enzymatic intermediate and offer the prospect of understanding the catalytic mechanism via detailed spectroscopic characterization of NEM-FTR.
In addition to EPR, NEM-FTR has been investigated in both as prepared and dithionite-reduced forms by UVvisible absorption, VTMCD and RR (8) . All three techniques point to the same conclusion, namely that NEM-FTR contains a S = 1/2 [4Fe-4SI3+ cluster that is reduced by dithionite to a S = 0 [4Fe-4SI2' cluster. The major differences compared to the S = 1/2 [4Fe-4SI3+ centers in high potential iron-sulfur proteins (HiPIPs) are the low midpoint potential for one-electron reduction (at least 500 mV lower than in HiPPs) and the anomalously slow relaxation properties of the EPR resonance. While the EPR relaxation behavior might be construed as being indicative of radical species, the observation of intense temperature dependent MCD bands and the changes in Fe-S vibrational frequencies associated with oxidation and reduction provide clear evidence that redox chemistry is primarily cluster-based and that the unpaired electron spin of NEM-FTR is located on the Fe-S cluster rather than a nearby radical species. This conclusion is further substantiated by recent 'H-, I3C-, and 57Fe-ENDOR studies (9). disulfide coupled with oneelectron oxidation of the cluster to yield a species that is formally analogous to NEM-FTR, i.e. with one of the active site cysteines protected. With this in mind, Fig. 5 shows a viable scheme for the benzyl viologen-mediated twoelectron reduction of the active site disulfide in FTR. The scheme invokes a role for the cluster both in mediating electron transfer to the active site disulfide and in stabilizing the onee l e c t r o n r e d u c e d intermediate via covalent attachment of the electron transfer cysteine of the active site disulfide. Oneelectron reduction of the cluster leads to a transient formation of a [4Fe-4S]' cluster which immediately cleaves the active site disulfide via nucleophilic attack involving an electron-rich p3-S2-. The resulting cluster is formally at the [4Fe-4SI3' oxidation level, since 2-electrons have been withdrawn from the cluster in forming the covalent bond with Cys84 of the active site disulfide. In terms of the Fe-S cluster, this one-electron reduced intermediate is analogous to NEM-FTR, which has Cys54 alkylated, and the heterodisulfide intermediate in the catalytic cycle, which has a disulfide linkage between Cys54 and one of the cysteines of the thioredoxin disulfide, see below. An alternative canonical form of the proposed one-electron reduced form is a [4Fe-4SI2+ cluster with a nearby cysteinyl radical. However, the spectroscopic data clearly argue for the unpaired electron density residing on the cluster. Nevertheless, this intermediate can at least formally be viewed as a cluster-stabilized thiyl radical. The second reducing equivalent from reduced benzyl viologen, then cleaves the novel p,-S-S(Cys) disulfide, at a potential typical for disulfide reduction, to yield the [4Fe-4SI2' cluster and the hlly reduced disulfide.
The above scheme provides a rationalization of the novel redox and spectroscopic properties of both FTR and N E M -F m and suggests a mechanism for biological disulfide reduction by an Fe-S cluster in sequential oneelectron steps that incorporates the thiol-disulfide interchange reaction that has been established for NAD(P)H-dependent flavin-containing disulfide oxidoreductases (4), see Fig. 6 . We had previously proposed a similar scheme prior to establishing that NEM-FTR is indeed a stable analog of an enzymatic intermediate It should be stressed that there is as yet no direct evidence for the novel p,-S-S(Cys) disulfide linkage in NEM-FTR and the equivalent species in intermediate or one-electron reduced forms of FTR. In view of the anomalous properties of the Fe-S cluster in these species and the accessibility of the active site cysteines to alkylating agents, covalent attachment of the electron-transfer cysteine to the Fe-S cluster is likely to be an intrinsic part of the catalytic mechanism. However, we cannot rule out the possibility that this occurs at Fe to give a 5-coordinate Fe site. Attachment to a coordinating cysteine residue to form a cysteinyl disulfide and a non-cysteinyl-ligated Fe site is not a viable alternative, since this would be expected to yield a cluster at the [4Fe-4S]+ rather than the [4Fe-4SI3+ oxidation level for the one-electron reduced species. Our reasons for favoring covalent attachment to the p3-Sz' are fourfold. First, assuming that electron transfer to the active site disulfide occurs via the cluster, the bridging sulfides are the only nucleophilic sites on the cluster that can attack and cleave the active site disulfide. Second, RR studies with 457-nm excitation indicate a weak band at 538 cm" in NEM-FTR that is not present in FTR (9). This band is an excellent candidate for the S-S stretch of the p,-S-S(Cys) linkage with the enhancement coming via coupling with Fe-S stretching modes. However, as yet it has not been possible to globally enrich samples with 34S in order to test this assignment. Third, the potential for one-electron reduction of NEM-FTR is in the range expected for disulfide reduction. Fourth, a similar slow-relaxing EPR signal (g = 2.09, 2.00, 1.98) has been observed in ferricyanide oxidized
Azotobacter vinelandii FdI which has the S, of a free cysteine located 3.4 A from a p3-S2-of the [4Fe-4S]
cluster (12).
BIOTIN SYNTHASE
Biotin synthase catalyzes the final step in the biosynthesis of biotin, i.e. the insertion of sulhr into dethiobiotin, see Fig. 7 . Although the nature of the immediate sulhr donor remains elusive (13), the available evidence indicates that the formation of the thiol intermediate, or some derivative thereof, and possibly the I Dethiobiotin Thiol intermediate Biotin Fig. 7 Reaction catalyzed by biotin synthase subsequent cyclization to form the thiophene ring, proceed by a radical mechanism with homolytic cleavage ofthe C-H bond as the initial step (14,15). Escherichia coli biotin synthase, or more specifically the bioB gene product, was recently purified aerobically from recombinant strains and found to be a homodimer of 39-kDa subunits with one [2Fe-2S]' cluster per monomer (16). In vitro activity requires S A M , NADPH, Fe2+ or Fe3', an electron transport system which appears to be flavodoxin and flavodoxin reductase in vivo (17), and other proteins and/or cofactors in cell free extracts of bioB-strains of E. coli (13, 18) . A well-defined in vitro assay with hlly optimized activity has yet to be developed.
The obligate requirement for S A M and the presence of an Fe-S cluster has led to speculation that biotin synthase is a member of an emerging class of Fe-S enzymes with radical based mechanisms that include anaerobic ribonucleotide reductase (ARR) (19, 20) , pyruvate formate-lyase (PFL) (2 1 -23), and lysine 2,3-aminornutase (LAM) (24, 25) . In the case of ARR and PFL, the Fe-S cluster is associated with a homodimeric activating enzyme (ARR-AE and PFL-AE). However, the available spectroscopic and analytical evidence for these activases and for LAM indicate the presence of subunit bridging Fe-S stretching region. Aerobically isolated biotin synthase exhibits a RR spectrum characteristic of biological [2Fe-2SI2' cluster. However, the frequency of the bands assigned to the mainly Fe-S(Cys) stretching modes are indicative of a cluster with one oxygenic terminal ligand, e.g. similar to mutant 2Fe ferredoxins with serine replacing one of the coordinating cysteine ligands. After dithionite reduction in the presence of ethylene glycol, the bands associated with the [2Fe-2SI2+ cluster are completely lost and are replaced with the characteristic spectrum of a [4Fe-4SI2* cluster with complete cysteinyl ligation. Since both absorption and analytical data indicate no significant loss of iron and no iron or sulfide were added during the reductive cluster conversion, we conclude that two [2Fe-2S] clusters have fused to give a single [4Fe-4S] cluster at the subunit interface. Furthermore the recent observation that this cluster conversion does not occur to a significant extent above pH 8.5, suggests that this process is facilitated by protonation of the oxygenic ligand. A tentative mechanism that summarizes the way we envisage this cluster conversion to occur is presented in Fig. 9 . Precedent for the protonation of the oxygenic ligands to the reducible site of [2Fe-2S]+ clusters comes from recent studies of the C56S and C60S mutant forms of Clostridium pasteurianum 2Fe ferredoxin which have cluster pK, values 9 in the reduced state (27). This cluster conversion is at least partially reversible, since a RR spectrum indicative of [2Fe-2SI2+ cluster is restored on aerial oxidation. The observation that the resulting RR spectrum is not the same as that of the as isolated enzyme does, however, suggest a difference in ligation for the [2Fe-2SI2+ clusters in asisolated and air-reoxidized samples. The interconvertibility of these two [2Fe-2S] forms is currently under investigation. Due to the lack of a fully optimized activity assay with well defined components, it has not been possible to correlate enzymatic activity with cluster type. However, since the [4Fe-4S]-containing enzyme is formed under anaerobic reducing conditions, it seems likely that this form of the enzyme is responsible for catalytic activity and that the 
PYRUVATE FORMATE-LYASE ACTIVATING ENZYME
PFL catalyzes the CoA-dependent cleavage of pyruvate to acetyl-CoA and formate. The elegant work of Knappe and coworkers has shown that the reaction requires the formation of a stable glycyl radical which participates in the homolytic C-C bond cleavage (21, 22, 28) . The mechanism of generating this catalytically essential radical involves an iron-dependent activating enzyme which requires reduced flavodoxin and SAM as co-substrates and pyruvate as a positive allosteric effector (28, 29) . PFL-AE catalyzes the reductive cleavage of SAM to form methionine and 5'-deoxyadenosine (30), and although a 5'-deoxyadenosyl radical has yet to be observed as a transient intermediate in this or any other SAM-dependent enzyme, it is an attractive candidate for the H-atom abstraction reaction to generate the active site glycyl radical (3 1).
Our recent spectroscopic studies have provided the first evidence that PFL-AE contains an Fe-S cluster (23). The recombinant enzyme, purified semi-anaerobically under an Ar atmosphere, has a red-brown color and is diamagnetic as evidenced by EPR and VTMCD studies in both as prepared and dithionite-reduced forms. As with biotin synthase, the identity and properties of the Fe-S clusters in these samples was revealed by the combination of absorption, RR and Fe/S2-analytical studies. After dithionite reduction, the absorption and RR spectra are characteristic of a [4Fe-4SI2' cluster with complete cysteinyl ligation and the analytical data LAM has yet to be published). Only two of these three cysteines are required to ligate the [4Fe-4S] cluster at the subunit interface. Since the spectroscopic data for biotin synthase and PFL-AE indicate cysteinyl ligation at each Fe site of the subunitbridging [4Fe-4S] clusters and nucleophilic attack by the reduced [4Fe-4S]' cluster is the most obvious method for cleaving the S-C bond in SAM, S-based cluster chemistry similar to that proposed above for FTR is currently our best working hypothesis for the role of the cluster in these SAM-dependent Fe-S enzymes, see Fig. 10 . This mechanistic scheme is analogous to that proposed by Frey and Reed for LAM (25) , although in this enzyme there is as yet no published evidence for a [4Fe-4SIt cluster in reduced samples. The mechanism involves nucleophilic attack by a p3-S2-of the [4Fe-4S]+ cluster on SAM to form methionine and an intermediate adenosyl-[4Fe-4S] species that should have properties similar to that of a [4Fe-4SI3+ cluster, based on our studies of FTR. The p,-S-C bond would then be subject to homolytic cleavage since the cluster is a excellent one-electron acceptor, to yield a [4Fe-4SI2' cluster and the 5'-deoxyadenosyl radical. The presence of 0, is likely to be particularly deleterious for this type of radical generation. Hence the oxygen-induced oxidative conversion to [2Fe-2S] clusters may be physiologically relevant in providing a means of shutting off enzyme activity without irreversible cluster degradation under periods of oxidative stress. In this connection, it is interesting to note that recent studies of the transcription factor FNR (fimarate nitrate reduction) have raised the possibility that the 0,-sensing mechanism involves 0,-induced degradation of a [4Fe-4SI2+ cluster to yield a [2Fe-2SI2+ cluster (32).
